The secretion of dopamine and serotonin is increased in cholangiocarcinoma, which has growth-promoting effects. Monoamine oxidase A (MAOA), the degradation enzyme of serotonin and dopamine, is suppressed in cholangiocarcinoma via an unknown mechanism. The aims of this study were to (i) correlate MAOA immunoreactivity with pathophysiological parameters of cholangiocarcinoma, (ii) determine the mechanism by which MAOA expression is suppressed and (iii) evaluate the consequences of restored MAOA expression in cholangiocarcinoma. MAOA expression was assessed in cholangiocarcinoma and nonmalignant controls. The control of MAOA expression by promoter hypermethylation was evaluated and the contribution of interleukin-6 (IL-6) signaling to the suppression of MAOA expression was determined. The effects of MAOA overexpression on cholangiocarcinoma growth and invasion were also assessed. MAOA expression is correlated with differentiation, invasion and survival in cholangiocarcinoma. The MAOA promoter was hypermethylated immediately upstream of the start codon in cholangiocarcinoma samples and cell lines but not in nonmalignant counterparts. IL-6 signaling also decreased MAOA expression via a mechanism independent of hypermethylation, involving the regulation of the balance between SP-1 transcriptional activity and its inhibitor, R1 repressor. Inhibition of both IL-6 signaling and DNA methylation restored MAOA levels to those observed in cholangiocytes. Forced MAOA overexpression inhibited cholangiocarcinoma growth and invasion. MAOA expression is suppressed by the coordinated control of promoter hypermethylation and IL-6 signaling. MAOA may be a useful prognostic marker in the management of cholangiocarcinoma, and therapies designed to increase MAOA expression might prove beneficial in the treatment of cholangiocarcinoma.
A number of studies have explored the possibility that the MAOA promoter can fall under epigenetic control through hypermethylation. 6, 7 In addition, the human MAOA promoter contains four putative SP-1 sites 8 and there is a positive correlation between cellular SP-1 concentrations and MAOA promoter and catalytic activity indicating that SP-1 is a positive regulator of MAOA expression. 8 Furthermore, a novel repressor R1 (R1/RAM2/CDCA7L) of the MAOA promoter has been cloned and characterized. 9 This repressor binds to the SP-1 sites to exert its effects, thereby competing with SP-1 for its consensus sequence. 9 The association between chronic inflammation and the development of malignancy is evident in the biliary tract where persistent inflammation strongly predisposes individuals to cholangiocarcinoma. 10, 11 The inflammatory cytokine interleukin-6 (IL-6) enhances tumor growth in cholangiocarcinoma by altering gene expression via autocrine mechanisms. 10, 11 IL-6 can regulate the activity of DNA methyltransferases, 12 thereby influencing DNA methylation and IL-6 overexpression in cholangiocarcinoma cells, regulating the promoter methylation status of a number of genes in a manner that promotes survival and growth of the tumor cell. 13 The role of IL-6 in the regulation of MAOA expression and biogenic amine metabolism is unknown.
The aims of this study were to (i) perform a correlation of MAOA expression in both intrahepatic cholangiocarcinomas (ICCs) and Klatskin tumors with pathophysiological parameters, (ii) determine the mechanism by which MAOA expression is suppressed and (iii) determine the consequences of the restoration of MAOA expression on cholangiocarcinoma growth.
MATERIALS AND METHODS Cell Lines
The Mz-ChA-1 cholangiocarcinoma cell line was a gift from Dr G Fitz (University of Texas Southwestern Medical Center, Dallas, TX). 14 15 HuCC-T1 16 and SG231 17 were a gift from Dr AJ Demetris (University of Pittsburg, PA) and cultured as described. [15] [16] [17] HCCC9810, RBE and SSP-25 were purchased from Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (Shanghai, China) and cultured according to the manufacturer's instructions. The human immortalized cholangiocyte cell line, H69 (from Dr GJ Gores, Mayo Clinic, Rochester, MN, USA), was cultured as described. 18 A primary human intrahepatic cholangiocyte cell line (HIBEC) was purchased from Sciencell (Carlsbad, CA, USA) and cultured according to the manufacturer's instructions.
To assess the effects of low levels of IL-6 secretion, we used a genetically modified cell line in which Mz-ChA-1 cells were stably transfected with an IL-6 shRNA plasmid. The resulting cell line (Mz-IL-6 shRNA) and the mock-transfected control (Mz-Neo neg) have been previously characterized. 19 Similarly, Mz-ChA-1 cells were genetically modified to either express very low levels of R1 repressor (by stably transfecting an R1 repressor-specific shRNA plasmid; SABiosciences, Frederick, MD, USA) or overexpress human MAOA (by stably transfecting a plasmid containing human MAOA cDNA; Origene, Rockville, MD, USA) following the methodology described previously. 20 
Patients and Specimens
Patients with hilar cholangiocarcinoma (Klatskin tumor; n ¼ 84) and ICC (n ¼ 43) pathologically confirmed at the First Affiliated Hospital of Sun Yat-sen University during 1997-2007 were enrolled in the survival analysis. Three cores (1.5 mm in diameter) of representative tumor area from each patient's archival formalin-fixed, paraffin-embedded tissue blocks were assembled into tissue microarrays by MTA1manual tissue arrayer (Beecher Instruments, USA). Patients with choledochal cyst (n ¼ 45) served as benign controls. Overall survival was defined as the interval between 1 month after the dates of surgery and death or the last follow-up. Paired tumor and non-tumor tissues (at least 3 cm distant from the tumor) from 25 cholangiocarcinoma patients and liver resected from 20 benign disease patients during April 2009 to August 2009 were microdissected prior to DNA and RNA extraction. Among these DNA samples, 17 cholangiocarcinoma and 5 benign samples were used for bisulfate pyrosequencing. None of these patients received chemotherapy or radiation before sampling. Written informed consents were obtained from all the patients. Samples were coded anonymously according to the Declaration of Helsinki, and the protocol was approved by the ethics committee of the First Affiliated Hospital of Sun Yat-sen University.
Immunohistochemistry
Immunoreactivity of MAOA was detected in the aforementioned tissue microarrays as described 3 using a rabbit polyclonal antibody specific to MAOA (Santa Cruz Biotechnology, Santa Cruz, CA, USA), then assessed quantitatively by the mean intensity of the area of interest under the representative field by Image Pro-Plus 7.0 software (Media Cybernetics, MD, USA). Expression of MAOA in each sample was evaluated by the mean intensity of the three cores and grouped in 'None' (o25% of mean intensity of control group), 'Low' (25-50% of mean intensity of control group), 'Moderate' (50-75% of mean intensity of control group) and 'Strong' (75-100% of mean intensity of control group). Immunohistochemical analysis was conducted by two independent observers who were blinded to the related clinical data.
Real-Time PCR
RNA was extracted from human tissue by Trizol Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions and in cell lines with or without treatment with by 5-aza-2 0 -deoxycytidine (5-aza; 5 or 10 mM per day for 4 days) or an anti-IL-6-neutralizing antibody (R&D Systems, Minneapolis, MN, USA; 1 mg/ml per day for 4 days) using the RNeasy Mini Kit (Qiagen, CA, USA). Real-time PCR Suppression of MAO A in cholangiocarcinoma L Huang et al was performed as previously described 3 using commercially available primers designed against human MAOA, IL-6, R1 repressor, PCNA or GAPDH (SABioscience). A DDCT analysis was performed and data were expressed as relative mRNA expression ± s.d. (n ¼ 4).
Immunoblotting
Immunoblots to detect MAOA, PCNA and b-actin were performed as previously described 21 
DNA Extraction, Bisulfite Treatment and Pyrosequencing
Genomic DNA was extracted from cell lines and tissue using the DNeasy Blood and Tissue Kit (Qiagen) according to the manufacturer's instructions. DNA underwent bilsulfite modification using the EpiTect Bisulfite Kits (Qiagen) according to the manufacturer's instructions. Representative sequences of the two CpG islands were amplified using a PyroMark PCR Kit (Qiagen) and specific primer pairs designed by PyroMark Assay Design 2.0 software (Qiagen) described in Supplementary Table S1 . PCR products were subjected to pyrosequencing on PyroMark Q24 system using PyroGold reagents (Qiagen) according to the manufacturer's instructions, using sequencing primers ( Supplementary Table  S1 ). PyroMark Q24 2.0.6 software (Qiagen) was used to analyze pyrosequencing data. Methylation rate of each CpG island was defined as the mean methylation percentage of each CpG dinucleotides in the amplicon.
Chromatin Immunoprecipitation
Chromatin immunoprecipitation was performed on DNA/ protein complexes isolated from the Mz-IL-6 shRNA and mock-transfected Mz-Neo neg cells following the methodology described. 19 DNA fragments bound to SP-1 were precipitated using a specific SP-1 antibody (Active Motif, Carlsbad, CA, USA) according to the manufacturer's instructions. The relative amount of MAOA promoter precipitated was assessed by real-time PCR using specific primers designed around the À 200 region of the MAOA promoter (SABiosciences). A DDCT analysis was performed 22 using the amount of MAOA promoter in the input DNA for normalization.
Immunofluorescence Subcellular location of SP-1 and R1 repressor was assessed by immunofluorescence 23 in Mz-IL-6 shRNA and Mz-Neo neg cell lines using an antibody specific to R1 repressor (Abcam, Cambridge, MA, USA) or SP-1 (Santa Cruz Biotechnology). Cells were counterstained with 4 0 ,6-diamidino-2-phenylindole and images were taken on an Olympus IX-71 inverted confocal microscope.
Serotonin EIA Mz-MAOA þ cells and the mock-transfected control cell line, Mz-pCMV6 cells, were suspended in Hank's buffered salt solution (5 Â 10 7 cells per ml) and incubated for 6 h at 37 1C. The amount of serotonin released into the media was assayed using a commercially available serotonin EIA kit (Invitrogen) according to the manufacturer's instructions.
Cell-Cycle Analysis
Mz-MAOA þ and Mz-pCMV6 cells were serum-starved for 24 h to synchronize the corresponding cell cycles. Cells were then moved back into serum-containing media and the relative distribution of cells in each phase of the cell cycle was assessed by using the Cell cycle phase determination kit (Cayman Chemical Company, Ann Arbor, MI, USA), and staining was detected by flow cytometry (Accuri C6; BD Accuri Cytometers, Ann Arbor, MI, USA).
Nude Mice
In vivo experiments were performed as described previously 20 using Mz-pCMV6 cells or Mz-MAOA þ cells to establish tumors. Briefly, cells (5 Â 10 6 ) were suspended in extracellular matrix gel and injected subcutaneously into each back flank of male balb/c 8-week-old nude (nu/nu) mice. After tumor establishment (10 days), dimensions were measured twice a week by an electronic calliper and volume determined as: tumor volume (mm 3 ) ¼ 0.5 Â (length (mm) Â width (mm) Â height (mm)). The study protocols were performed with strict adherence to the institution guidelines and were approved by our institutional IACUC committee.
Invasion Assay
The invasive properties of Mz-pCMV6 and Mz-MAOA þ cells were determined using the BD biocoat matrigel invasion chamber following the manufacturer's instructions (BD Biosciences, Bedford, MA, USA). The invasion index was calculated as the percentage of cells that invaded the lower chamber through the Matrigel invasion chambers compared with the number of cells that invaded the lower chamber in the control cells.
Statistical Analysis
Statistical analyses were performed using SPSS 13.0 software (SPSS, Chicago, IL, USA). Kaplan-Meier survival analysis was used to calculate the cumulative survival curve, which was subsequently assessed by log-rank test. To test the association between various categorical clinicopathological variables and MAOA expression, the cross-tabulation and Fisher's exact test were performed. Univariate and multivariate Cox proportional hazards regression models were used to identify independent prognostic factors. Spearman's correlation analysis was used to assess the correlation between mRNA expression and promoter methylation of MAOA, as well as MAOA and PCNA mRNA expression as a marker of proliferative capacity. In vitro, for data exhibiting normal distribution, differences between two groups were analyzed by the Student's unpaired t-test, or ANOVA when more than two groups were analyzed, followed by an appropriate post-hoc test. When the normality test failed, a Mann-Whitney U-test was performed when comparing two groups and a Kruskal-Wallis one-way ANOVA by ranks was performed when comparing three or more groups. In each case, a P-value of o0.05 was used to indicate statistical significance.
RESULTS

MAOA Expression Correlates with Poor Prognosis in Cholangiocarcinoma
We have previously shown that MAOA expression is suppressed in a number of cholangiocarcinoma cell lines and in a limited number of cholangiocarcinoma biopsy samples. 3 Here we performed correlation analyses of MAOA expression with pathophysiological parameters of cholangiocarcinoma.
MAOA immunoreactivity was quantitatively assessed and then categorized as none-to-low or moderate-to-strong as described above. Representative photomicrographs of these categories are shown in Figure 1a . Analysis of the distribution of staining strength revealed that 100% of the samples from benign biopsy tissue had moderate-to-strong staining, whereas approximately 50% of the biopsy samples of cholangiocarcinoma fell into the none-to-low category (Figure 1b ). No significant difference in MAOA staining intensity was observed between Klatskin and ICC tumors ( Figure 1b ). In parallel, mRNA was isolated from a subset of samples that had the tumor tissue microdissected from the tumor periphery. MAOA mRNA expression was significantly decreased in the malignant samples compared with both the benign samples and the tissue taken from the tumor periphery ( Figure 1c ).
Further, correlation analysis between MAOA immunoreactivity and the physiological and pathophysiological characteristics of the Klatskin and ICC tumors revealed that patients that fell into the non-to-low MAOA staining Tables S2 and S3 ). Furthermore, low MAOA staining was correlated with poorer differentiation using a number of different classifications of differentiation ( Supplementary Tables  S2 and S3 ). Not surprisingly, patients with higher MAOA expression had a significantly better prognosis and survival rate than patients with low MAOA immunoreactivity ( Figures  1d and e ). No correlation was observed between MAOA intensity and age or gender ( Supplementary Tables S2 and S3 ).
MAOA Promoter Region is Hypermethylated in Cholangiocarcinoma
To determine the mechanism by which MAOA may be suppressed in CCA, we performed a computer-based analysis on the MAOA promoter to identify possible CpG islands using Emboss cpgplot software. 24 Two putative CpG islands were identified and are depicted in Figure 2a . CpGI28 contains 28 potential CpG dinucleotides and spans the start codon for MAOA transcription. CpGI52 is further upstream and contains 52 potential CpG dinucleotides. Inhibition of DNA methyltransferase by 5-aza treatment increased MAOA mRNA and protein expression in the cholangiocarcinoma cell line Mz-ChA-1 (Figures 2b and c) , but not in the cholangiocyte cell line H69 (Figures 2b and c) .
To demonstrate that the promoter region of MAOA is directly methylated and to identify which putative CpG island may be involved, we performed bisulfite conversion of DNA followed by pyrosequencing. Figure 3a shows representative pyrosequencing traces of a region in CpGI28 that spans seven potential CpG residues (labeled R1 to R7). Mz-ChA-1 cells had a very high degree of methylation on CpGI28 of the MAOA promoter, whereas the methylation of H69 cells was low (Figure 3a) . A grayscale representation of the degree of methylation of each residue for all samples studied was used, with white representing 0% methylation and black representing 100% methylation. The nonmalignant cell lines H69 and HIBEC had very low levels of methylation, whereas four out of seven cholangiocarcinoma cell lines showed high methylation levels of CpGI28 (Figure 3b ). Because MAOA is an X-linked gene, 7 we narrowed down the analysis of the human tissue samples to male patients only, due to the high levels of physiological methylation of X-linked genes in females. We assessed the methylation levels in 17 male cholangiocarcinoma patients and 5 control patients and demonstrated a higher degree of methylation in cholangiocarcinoma patients than in the nonmalignant controls ( Figure 3c) . No difference in methylation levels between cholangiocarcinoma and nonmalignant controls was observed on CpGI52 (data not shown). We correlated the degree of methylation with the MAOA mRNA expression in tissue. There was a significant, negative correlation between the degree of methylation and MAOA expression in the CCA samples, although the relatively low correlation coefficient (r ¼ À 0.532) suggests that hypermethylation may not be the only factor affecting MAOA expression ( Figure 3d ).
MAOA Expression is also Suppressed by IL-6-Mediated Events
Cholangiocarcinoma cells secrete high levels of IL-6, 10, 11 which has been shown to modulate the hypermethylation of various target genes. 12, 13 Therefore, we assessed the involvement of IL-6 signaling in the expression of MAOA. Treatment with an anti-IL-6-neutralizing antibody increased the mRNA and protein expression of MAOA in Mz-ChA-1 cells, but not in the nonmalignant H69 cells. In parallel, MAOA mRNA and protein expression are upregulated in Mz-IL-6 shRNA cells (Figure 4b ) in which IL-6 expression has been knocked down to approximately 3% of both the parental cell line (Mz-ChA-1) and the mock-transfected Mz-Neo neg cells. 19 To assess if the knockdown of IL-6 expression is affecting MAOA expression by modulating promoter hypermethylation, we assessed the levels of methylation by bisulfite conversion of DNA followed by pyrosequencing. Promoter methylation levels remained unchanged between the Mz-IL-6 shRNA cells and the parental Mz-ChA-1 cells (Figure 4c ), suggesting that IL-6 may be exerting its effects on MAOA expression via another mechanism. Treatment of Mz-IL-6 shRNA cells with 5-aza increased MAOA expression to a higher degree than similar treatment of Mz-ChA-1 cells (Figure 4d ) and inhibition of both DNA methylation (by 5-aza treatment) and IL-6 
Suppression of MAO A in cholangiocarcinoma
L Huang et al signaling (by shRNA transfection) is required to restore MAOA expression to the levels observed in the nonmalignant cell line, H69 (Figure 4d ).
As mentioned above, the balance between SP-1 transcriptional activity and R1-repressor activity on the promoter can also regulate MAOA expression. 8, 9 When the inhibitor, R1 repressor is not bound to DNA, it is shuttled out of the nucleus to allow SP-1 full access to the consensus sequence. 25 To determine if SP-1 may contribute to the IL-6-mediated suppression of MAOA expression, we performed chromatin immunoprecipitation followed by real-time PCR to determine the relative levels of SP-1 bound to the MAOA promoter in Mz-IL-6 shRNA cells compared with Mz-Neo neg cells. There was more SP-1 bound to the MAOA promoter in the absence of IL-6 signaling than in the mock-transfected control cells (Figure 5a ). Furthermore, SP-1 could be found predominantly in the cytoplasm of Mz-Neo neg cells, but became nuclear in Mz-IL-6 shRNA cells (Figure 5b) . Conversely, R1 repressor could be found exclusively in the nucleus of Mz-Neo neg cells, whereas knocking down IL-6 expression resulted in increased cytoplasmic accumulation (Figure 5b) . These data suggest that IL-6 may be exerting its effects on MAOA expression by promoting the interaction between R1 repressor and the MAOA promoter, thereby extruding SP-1 from the nucleus and inhibiting the positive transcriptional control by SP-1.
To demonstrate a role for R1 repressor in the suppression of MAOA expression, we established stable transfected cell lines with the R1-repressor expression knocked down to approximately 12% of the Mz-Neo neg control cell line (Supplementary Figure S1) . Suppressed R1-repressor expression increased both MAOA mRNA and protein expression (Figures 5c and d) .
Implications of Restored MAOA Expression on Cholangiocarcinoma Cell Proliferation and Invasion
To determine the effects of MAOA expression in cholangiocarcinoma, we established an MAOA-overexpressing cholangiocarcinoma cell line (Mz-MAOA þ ) that had approximately 14-fold higher MAOA expression and approximately 40% less serotonin secretion than the mock-transfected control cells (Supplementary Figure S2) . Mz-MAOA þ cells had a slower proliferation rate than Mz-pCMV6 cells, as demonstrated by a decrease in PCNA expression ( Figure 6a ) and increased percentage of cells in the G0/G1 arrest phase of the cell cycle (Figure 6b ). To assess whether this effect translated into a change in tumor growth in vivo, we used a xenograft model. The tumors derived from Mz-MAOA þ cells increased approximately 5 fold over the course of the experiment, whereas tumors derived from the parental Mz-ChA-1 cells increased approximately 10 fold (Figure 6c ), suggesting that high levels of MAOA expression slows tumor growth. Furthermore, in human cholangiocarcinoma samples, MAOA mRNA expression negatively correlated with PCNA mRNA expression ( Figure 6d ), that is samples 
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The correlation analysis described above suggested an association between MAOA expression and tumor invasion. Therefore, we assessed the invasive properties of the Mz-MAOA þ cells compared with the mock-transfected Mz-pCMV6 and found that Mz-MAOA þ cells had a reduced invasive index (Figure 6e and Supplementary Figure S3 ), suggesting that MAOA expression has a role in the invasive properties of cholangiocarcinoma.
DISCUSSION
The major findings of this study relate to the mechanism by which MAOA expression is suppressed in cholangiocarcinoma and its clinicopathological significance. We demonstrated that (i) low MAOA immunoreactivity correlates with increased invasiveness, low tumor differentiation and poor survival, (ii) the suppression of MAOA can be attributed to coordinated promoter hypermethylation and IL-6-mediated inhibition of SP-1 transcriptional activity and (iii) restoration of MAOA has growth-suppressing effects and reduces the invasiveness of cholangiocarcinoma cells in vitro. Taken together, these data suggest that MAOA expression may be useful as a prognostic marker for cholangiocarcinoma progression, and efforts to modulate MAOA expression may prove useful in the treatment of cholangiocarcinoma.
We have previously shown that MAOA expression is suppressed in cholangiocarcinoma cell lines and in a limited number of tumor biopsy samples. 3 The consequences of this suppression, together with an overexpression of the synthesis enzymes, is an increased secretion of the biogenic amines serotonin 1 and dopamine 4 that can be detected in the bile of cholangiocarcinoma patients. Both serotonin and dopamine have subsequent growth-promoting effects, and blocking the synthesis of these two compounds inhibits cholangiocarcinoma growth. 3, 4 In support of our findings that MAOA expression is suppressed in cholangiocarcinoma, many other neuroendocrine tumors displaying dysregulated serotonin synthesis and secretion often have a concomitant decrease in the expression of MAOA. 26 In a normal cell, these amine oxidases exert an antiproliferative effect, more than likely because the products of amine oxidation: aldehydes, hydrogen peroxide and other reactive oxygen species are cytotoxic. [26] [27] [28] Because the expression of such amine oxidases (including MAOA) is suppressed in certain tumor cells, the potential cytotoxic, antiproliferative effects of amine oxidation are bypassed, 26, 27 in addition to the mitogenic effects of the accumulating serotonin and dopamine. Indeed, our data indicates that restoration of MAOA expression in cholangiocarcinoma not only reduces serotonin secretion from these cells, but also slows tumor growth and inhibits the invasive properties of these cells.
Here we demonstrate that the MAOA promoter is hypermethylated in cholangiocarcinoma and that this hypermethylation is in part, responsible for the decreased MAOA expression. Our identification of two putative CpG islands within the MAOA promoter is supported by recent data indicating that epigenetic control of MAOA through these two CpG islands may be responsible for the functional polymorphisms observed in the brain. 29 Although the methylation levels demonstrated in the current study significantly correlated with MAOA expression, the correlation coefficient was still relatively low, suggesting that other factors were contributing to the suppression of MAOA expression. Our data suggest that another distinct contributing factor is IL-6 signaling.
IL-6 production is upregulated in cholangiocarcinoma, which is consistent with the long-standing association between chronic inflammation and the neoplastic transformation of cholangiocytes. 10,11 IL-6 enhances cholangocarcinoma growth by altering gene expression in an autocrine manner 10, 11 and can regulate promoter methylation of a number of genes, such as EGFR, caspase 8 and survivin, in a manner that promotes survival and growth of the tumor cell. 13 The data presented here describe a role for IL-6 signaling in MAOA expression via a pathway distinct from hypermethylation. Indeed, our data suggest that IL-6 signaling may increase the association of the R1 repressor with the MAOA promoter, thereby preventing access of SP-1 to its consensus sequence. R1 repressor is a novel regulator of MAOA expression, 9 although the mechanisms controlling R1-repressor activity are largely unknown. Furthermore, the mechanism by which IL-6 signaling, in particular, may influence R1-repressor function is unclear. R1 repressor can be upregulated by the oncogene c-myc 28 after which, c-myc colocalizes and interacts with R1 repressor. 28 IL-6 signaling has previously been shown to upregulate c-myc expression in cancer cells, 30 therefore, it is conceivable that IL-6 is modulating R1-repressor function via a c-myc-dependent pathway in cholangiocarcinoma cells. Indeed c-myc expression is upregulated in cholangiocarcinoma tissue and correlates with tumor differentiation, 31 thus supporting our current hypothesis.
In conclusion, the data presented here indicate a strong correlation between MAOA expression and certain pathophysiological parameters of both ICC and Klatskin tumors. Patients with tumors expressing higher levels of MAOA had a better prognosis than those with low MAOA expression. We demonstrated that the MAOA promoter region was hypermethylated at CpGI28. Though there was a correlation between the degree of methylation and MAOA expression, the correlation was not so strong as to exclude the possibility of a second independent mechanism for the suppression of MAOA. We demonstrated that IL-6 signaling can also suppress MAOA expression via the modulation of the R1 repressor/SP-1 balance, and that blocking both the hypermethylation and IL-6-mediated events could restore MAOA expression in a cholangiocarcinoma cell line back to the levels observed in a nonmalignant cholangiocyte cell line. These data are summarized in Supplementary Figure S4 . Lastly, restoration of MAOA expression in cholangiocarcinoma cells inhibited tumor growth and decreased the invasive properties of these cells. Taken together, our data suggest that MAOA may be a useful prognostic marker in the management of cholangiocarcinoma, and that therapies designed to increase MAOA expression and/or decrease serotonin and dopamine production might prove beneficial for the treatment of cholangiocarcinoma.
